Investigation of Metal Attachment to Polystyrenes in Matrix-Assisted Laser Desorption Ionization  by Rashidezadeh, H. & Guo, Baochuan
Investigation of Metal Attachment to
Polystyrenes in Matrix-Assisted Laser
Desorption Ionization
H. Rashidezadeh and Baochuan Guo
Department of Chemistry, Cleveland State University, Cleveland, Ohio, USA
Cationization is essential to the matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometric analysis of a variety of synthetic polymers. This work
studied polystyrene cationization in MALDI using the salts of eight different metals. It was
found that only the salts of silver, copper, and palladium produced good metal–polystyrene
cation signals. More interestingly, it was observed that MALDI could also produce metal-rich
cluster cations and that the presence of polystyrenes tended to suppress formation of the
metal-rich cluster cations. Based on these results and others, we propose that polystyrene
cationization may proceed through gas-phase metal attachment reactions under the conditions
used. With this argument, we were able to better explain a reported experimental observation
that showed a strong cation concentration effect on measured molecular weight distributions
of polystyrenes. (J Am Soc Mass Spectrom 1998, 9, 724–730) © 1998 American Society for
Mass Spectrometry
Matrix-assisted laser desorption ionization timeof flight (MALDI-TOF) mass spectrometry is arecently introduced method for characteriza-
tion of high-mass molecules [1]. One of its potential
applications is characterization of synthetic polymers.
Information could be obtained on both the molecular
weight distributions and the identity of end groups,
each of which is important to polymer chemists [2–29].
Although promising results have been attained on
analysis of narrow-disperse polyethylene glycols (PEG),
polymethyl methacrylates (PMMA), and polystyrenes
(PS), general applicability to polymer systems contain-
ing varying end groups, copolymers, and polydisperse
polymers has proven more difficult. More systematic
studies are required to further improve this method for
polymer analysis.
Cationization is key to the MALDI-TOF analysis of
many synthetic polymers, but, the mechanism of cat-
ionization in MALDI is poorly understood. Polymer
cationization can proceed through either preformation
of ions in the condensed phase, followed by liberating
them into the gas phase upon laser desorption, or
gas-phase ion–molecule reactions initiated by laser de-
sorption, or a combination of both. In a recent study,
Zenobi and co-workers investigated the contribution of
preformed ions to MALDI [30]. They suggested that the
contribution of preformed ions could be predicted on
the basis of condensed phase thermodynamics. On the
other hand, it was also suggested that cation attachment
might take place in the gas phase [30–33]. However,
there was little experimental evidence to substantiate
this argument.
We have used the salts of eight different metals to
examine polystyrene cationization in MALDI. This
work was motivated in part by the fact that a strong
cation concentration effect on measured molecular
weight distributions of polystyrenes has been observed
[34]. A better understanding of polystyrene cationiza-
tion in MALDI may allow us to develop better methods
to overcome some of the problems associated with the
MALDI-TOF analysis of polystyrenes.
Experimental
The experiments were performed using a homemade
linear MALDI-TOF instrument. A detailed description
of this instrument has been given previously [28].
Briefly, a pulsed Nd:YAG laser producing a wavelength
of 355 nm was used for MALDI. The similar laser level
was used to collect all the spectra reported in this work.
The two-stage acceleration voltages were set at 30 and
15 kV, respectively. An electron multiplier was used to
detect the formed ions. Thereafter, the ion signal was
recorded by using a Tektronix 520 digital oscilloscope.
All mass spectra were produced in the positive ion
mode. A Grams/32 (Galactic, Salem, NH) program was
used to analyze the recorded data.
A polystyrene standard (PS 2500) provided by Amer-
ican Polymer Standards Company (Mentor, OH) was
used as the polymer sample. Dithranol received from
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Aldrich Chemicals (Milwaukee, WI) was used as ma-
trix. The metal salts used were AgTFA, Cu(acac)2,
Zn(TFA)2, Co(acac)2, Pd(acac)2, Pt(acac)2, Cr(acac)3, and
Al(acac)3, where TFA is trifluoroacetate and acac stands
for acetylacetonate. The use of these salts was based on
the consideration that they were fairly soluble in tetra-
hydrofuran (THF). All salts were obtained from Aldrich
Chemicals. All the samples were used as received
without further purification. The bulk solutions of poly-
mer, matrix, and metal salts were prepared dissolving
them in THF, respectively. The sample solution was
prepared by mixing these three solutions. Unless spec-
ified, the final concentrations of PS, dithranol, and
metal salts in the sample solution were 2.5 g/L, 10 g/L,
and 0.01 M, respectively. Thereafter, 1 mL of this sample
solution was placed on a metal tip and air dried before
analysis. The use of relatively high concentrations of
metal salts in this study was based on our observation
that at these concentration levels, MALDI tended to
generate the best polystyrene ion signals.
Results and Discussion
In this work, we have used the salts of eight different
metals (Ag(I), Cu(II), Pd(II), Zn(II), Co(II), Pt(II), Cr(III),
and Al(III)) as the cationizing agent for polystyrenes. It
was found that only the silver, copper, and palladium
salts would produce good metal–polystyrene cation
spectra and that among these three metals, silver pro-
duced the strongest metal–polystyrene cation signals,
with copper second, and palladium the weakest under
the conditions used. We have found that at the PS
concentrations of 1–10 g/L, MALDI produced the stron-
gest polystyrene ion signals. Below this level, the signal
level of polystyrene ions tended to drop with decrease
of the PS concentration.
Good Ag– and Cu–polystyrene cation signals have
been observed previously [25, 30]. But to our best
knowledge, this was the first time that Pd–polystyrene
cations were observed in MALDI. This suggests that the
palladium salts could also be used as the cationizing
agent for polystyrenes. Figure 1 displays a MALDI-TOF
mass spectrum of PS 2500 obtained by using Pd(acac)2
as the cationizing agent. The main peaks shown in
Figure 1 correspond to the adduct ions of polystyrene
with palladium.
With regard to other metals studied in this work, the
zinc salt occasionally generated very weak metal–poly-
styrene signals, but no metal–polystyrene signals were
observed using the salts of Co, Cr, Al, and Pt. Recently,
Scrivens and co-workers also reported that no adduct
ions of polystyrenes were observed when the salts of Cr
and Al were used [25], but, they did obtain good
Zn–polystyrene spectra and observed weak Co–poly-
styrene signals. Since the nature of the Co and Zn salts
used was not reported in their paper, we speculate that
the difference of our result from their observation may
be due to differences in the matrix and sample prepa-
ration conditions used.
Interestingly, MALDI could also produce strong
metal-rich cluster signals if the salts of silver, or palla-
dium, or copper were doped in dithranol in the absence
of polystyrenes. For example, Figure 2 displays the
MALDI-TOF spectra of Pd-containing clusters. This
spectrum was obtained by adding Pd(acac)2 to dithra-
nol in the absence of polystyrenes. The final concentra-
tion of the salt in the sample solution was 0.01 M. The
peaks labeled by a number (n) in Figure 2 corresponded
to (nPd12D) cluster cations where n is the number of
the Pd atoms and D stands for the matrix dithranol. It
should be noted that in the case of silver, pure silver
clusters containing as many as 100 silver atoms have
been observed in this work. Clearly, this result shows
that MALDI can produce metal-rich clusters. In the
condensed phase, it is virtually impossible for metal
salts to form pure metal or metal-rich clusters because
of strong repulsion interactions between metal ions of
positive charges. Hence, it would be reasonable to
expect that the metal-rich cluster cations observed were
not preformed in the condensed phase, but rather
formed through gas-phase clustering reactions. This
implies that MALDI can produce gas-phase metal ions
(atoms) and that the gas-phase clustering reactions can
lead to formation of large metal-containing clusters.
More interestingly, when polystyrenes were present
in the sample solution, they could suppress formation
of metal-containing clusters, especially formation of
Figure 1. A MALDI-TOF mass spectrum of PS 2500 obtained
using Pd(acac)2 as the cationizing agent. The peaks shown in this
spectrum correspond to Pd–polystyrene cations.
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larger clusters. It was found that the signal level of the
clusters tended to drop with increase of the polystyrene
ion signals. In other words, for a given metal salt, the
stronger the polystyrene ion signals, the weaker the
metal-containing cluster signals. To demonstrate this
effect, Figure 3 displays typical MALDI-TOF spectra of
PS 2500 obtained by loading three different amounts of
PS. The concentrations of PS in the sample solution
were 0.1 g/L for Figure 3a, 0.5 g/L for Figure 3b, and 5
g/L for Figure 3c, respectively. In this experiment, other
conditions such as the laser power and the concentra-
tions of dithranol (10 g/L) and AgTFA (0.01 M) were
kept constant. In both spectra 3b and 3c, the peaks in the
mass range higher than 1200 Da correspond mainly to
polystyrene ions. The peaks labeled by a number (n)
correspond to Agn
1. The peaks labeled by an asterisk in
Figure 3a correspond to polystyrene ions. In Figure 3a,
b, the signals of Ag1–3
1 were very strong and off the
vertical scale. It should be noted that we often observed
another Ag-containing cluster series in the range 500–
1000 Da and that the mass of these peaks was about 14
Da higher than that of the nearest silver cluster peak,
but we do not know the nature of this cluster series. The
peaks labeled by a mesh symbol correspond to the
clusters of this series.
It was seen that as the polystyrene ion signals
increased the signals of the silver clusters decreased.
The PS ion signal in Figure 3c was about two and four
times higher than that in Figure 3a,b. In contrast, the
signal levels of Ag5, 7, 9
1 in Figure 3a were two times
higher than those in Figure 3b and they dropped almost
to the baseline in Figure 3c. Moreover, as can be seen
from Figure 3a, when the signals of polystyrene ions
became very weak, even the silver clusters larger than
Ag9 could coexist with polystyrene ions.
Although most of the spectra obtained at the level of
2.5–5 g/L of PS were similar to Figure 3c, some of the
spectra obtained at the “sweetest spots” did produce
exceptionally strong Ag–PS cation signals. Figure 4
shows a MALDI-TOF spectrum of PS 2500 that was
obtained at one of the sweetest spots. In Figure 3, the
signal levels of Ag1–3
1 , which dominate in the absence of
polystyrenes, were still relatively high, but when the
polystyrene ion signals became exceptionally strong,
the signal levels of these clusters could also drop to the
baseline level. For example, the polystyrene ion signal
level in Figure 4 was more than 15 times higher than
that obtained in Figure 3a, whereas the signal level of
Ag1 in Figure 4 was seen to decrease by a factor of 50!
Moreover, the signals of Ag2,3
1 dropped to the baseline.
MALDI produces metal-rich clusters. An interesting
question is why the presence of polystyrenes sup-
pressed cluster formation, especially for larger clusters.
Our rationale for this result is that the gas-phase attach-
ment of polystyrenes to metal cations plays a major role
in forming metal–polystyrene cations. Based on this
mechanism, we expect that once gas-phase metal cat-
ions are formed from MALDI, a competition would
occur among all species produced from MALDI for
these metal cations. When polystyrenes were absent,
metal ions react only with metals, matrix and other
molecules produced from MALDI. In contrast, when
polystyrenes were present, the metal cations can also
react with them. In other words, the gas-phase polysty-
renes will also compete with other species for metal
cations. At higher concentrations of gas-phase polysty-
renes, the association rate of metals with polystyrenes
would be faster. As a result, fewer metal-containing
clusters would be formed. Hence, it should not be
surprising to observe this suppression effect if gas-
phase reactions dominate the polystyrene cationization
process.
This gas-phase reaction mechanism is supported by
another experimental result. Zenobi and co-workers
reported formation of Cu–polystyrene cations using a
sample preparation method involving first crystallizing
dithranol and polystyrenes, followed by adding the
metal salts dissolved in water [30]. In that work,
Cu(TFA)2 was used as the cationizing agent and dithra-
nol was the matrix. Using the same sample preparation
approach, we also observed Ag–polystyrene cations.
Figure 5 displays a MALDI-TOF spectrum obtained by
first loading the PS and dithranol solution, followed by
adding the AgNO3 aqueous solution to the dried PS and
matrix crystals. Since water could not redissolve poly-
styrenes, no preformed metal–polystyrene adduct ions
should be formed in the condensed phase under this
Figure 2. MALDI-TOF mass spectra obtained by adding Pd(a-
cac)2 to the matrix dithranol and in the absence of polystyrenes.
The peaks labeled (n) correspond to cluster cations of (2D1nPd).
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Figure 3. MALDI-TOF mass spectra of PS 2500 obtained by loading different amounts of PS. The
final concentrations of PS in the sample solution were (a) 0.1 g/L, (b) 0.5 g/L, and (c) 5 g/L,
respectively.
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condition. Nevertheless, strong metal–polystyrene cat-
ion signals were observed. Clearly, this result is better
explained by using the gas-phase reaction argument.
Recently, a strong cation concentration effect on
measured molecular weight distributions of polysty-
renes was reported. In that work, Li and co-workers
observed that the measured Mn (number average mo-
lecular weight) of a blend of polystyrenes increased
with a decrease of the concentration of cationizing
agents [34]. In that experiment, AgNO3 was used as the
cationizing agent and all-trans-retinoic acid was the
matrix. Their result could also be explained with the
gas-phase attachment mechanism. If gas-phase ion–
molecule reactions control polystyrene cationization, it
would be expected that a competition existed between
low- and high-mass polystyrenes for the limited
amount of gas-phase metal ions. For gas-phase ion–
molecule clustering reactions, the product formation
rate depends not only on the bonding energy of the
formed adducts, but also upon the collision rate and the
speed of removing the formation energy from the
newly formed bond [35]. High-mass polystyrenes have
a larger physical size and more rotational and vibra-
tional levels and therefore have a larger collision rate
with metal cations and a faster intramolecular energy
redistribution rate [35]. As a result, they can more
quickly form stable silver–polystyrene cations than do
low-mass polystyrenes. This implies that amounts of
metal–polystyrene cations formed would not be pro-
portional to the concentration of each PS oligomer if
only limited amounts of gas-phase metal ions are pro-
duced. As a result, mass discrimination against low-
mass polystyrenes would occur under this condition.
Another interesting question is why the use of many
other transition metal salts such as Pt(acac)2 as the
cationizing agent failed to produce metal–polystyrene
cations. Several groups have observed attachment of
alkali metal cations to polystyrenes [15, 25]. Consider-
ing the fact that the interaction of alkali metal ions with
polystyrenes is mainly electrostatic in nature, it is
expected that binding of transition metal cations to
polystyrenes would be much stronger [36]. Moreover, it
has been found that the bonding energy of Cr1 to
benzene, derived from kinetic analysis of the radiative
association data, was comparable to that of Ag1 to
benzene [37]. Hence, the difference in the bonding
energy should not be the major cause of this problem.
One may consider the difference in the solubility of the
salts (e.g., perhaps no metal–polystyrene ions were
detected from some of the salts due to their relatively
low solubility in THF). We have found that some of the
salts such as Cr(acac)3, which did not generate polysty-
rene ions, actually had a higher solubility in THF than
Figure 4. MALDI-TOF mass spectrum of PS 2500 obtained by
loading a sample solution containing 2.5 g/L of PS. The peak
labeled K is the potassium ion, D stands for dithranol, and the
peak labeled 1 is Ag1. Note that the signal levels of Ag1–3
1
significantly decreased.
Figure 5. MALDI-TOF mass spectrum of PS 2500 obtained by
first loading the PS and dithranol mixture solution, followed by
adding the AgNO3 aqueous solution to the formed PS and
dithranol crystals.
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that of Pd(acac)2. Hence, we believe that solubility
should not be the major cause either.
The use of the gas-phase reaction mechanism may
shed light on this issue. The key to formation of
metal–polystyrene cations is formation of adequate
amounts of gas-phase metal cations. In addition, the
formation rate of metal–polystyrene cations must be
comparable to or faster than the reaction rate of metal
cations with other species produced from MALDI.
When salts such as Pt(acac)2 were used as the cationiz-
ing agent, there might not be adequate amounts of Pt1
formed in the gas phase and/or the formation rate of
Pt–polystyrene cations might be too slow to compete
with the Pt1 reactions with other species. In fact, as
shown in Figure 6, when Pt(acac)2 was used, many of
the most intense peaks corresponded to small clusters
of Ptn(acac)m and no major pure Pt or Pt-matrix cluster
peaks were observed. Clearly, this was different from
behavior observed when the salts of Ag, Cu, and Pd
were used. This may suggest either that Ptn(acac)m
1
rather than Pt1 was produced from MALDI, or that the
formed Pt associated rapidly with the desorbed acac
molecules, or a combination of both. As a result, no
observable Pt–polystyrene cation signals were recorded
in the MALDI mass spectra.
This work presents experimental evidences support-
ing the hypothesis that polystyrene cationization in
MALDI proceeds through gas-phase reactions under
the conditions used. But it should be noted that ioniza-
tion in MALDI is a complicated process and that the
mechanism of cationizing polystyrenes or other poly-
mers may change if different conditions are used. This
is because the mechanism of polymer cationization is
expected to depend on the type of matrices, polymers,
and cationizing agents used for MALDI. A further
investigation into polymer cationization in MALDI is
needed in order to develop better MALDI sample
preparation methods to overcome the problems associ-
ated with polymer analysis.
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